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1. Introduction 
The presence of a 3’-OH polyadenylate terminus 
(poly(A) tail) is a characteristic feature of a large 
proportion of eukaryotic messenger RNAs [ 11. A 
notable exception to this feature are post-fertilization 
histone mRNAs [2], while other poly(A)- RNAs cod- 
ing for specific proteins have been observed in a large 
number of cell types [3--S]. The shortening of the 
poly(A) tail during the utilization of mRNA in the 
cytoplasm may result in the heterogeneous lengths of 
poly(A) tracts found on the mRNAs [6]. The func- 
tion of poly(A) tails in mRNA metabolism or transla- 
tion is not known, although a number of different 
hypotheses have been presented which include 
mRNA stability, mRNA translatability, mRNA stor- 
age in mRNPs, and mRNA transport from the nucleus 
to the cytoplasm [7]. Since poly(A) tails were first 
discovered [8] their existence has been used for the 
isolation of mRNAs, utilizing oligo d(T)-cellulose or 
poly(U) Sepharose as a ligand for the poly(A) tract. 
The existence of poly(A) tails on myosin heavy 
chain mRNA (MHC-mRNA) has been the subject of 
conflicting reports. In cases where MHC-mRNA has 
been reported to contain poly(A) tails, the estimates 
of the poly(A) length have ranged from a very short 
poly(A) tail [9,10] to a very long poly(A) tail [ 111. 
A number of laboratories have routinely utilized the 
presence of the poly(A) tail to isolate and quantitate 
MHC-mRNA as a marker to study molecular controls 
during myoblast differentiation [12-l 71. In the 
present report we present evidence that in both the 
embryonic chick and in chick muscle cell culture the 
MHC-mRNA contains a poly(A) tail of heterogeneous 
length which, however, is sufficiently long to permit 
quantitative isolation by phenol extraction and oligo 
d(T)-cellulose chromatography. Little or no poly(A)- 
MHC-mRNA is detectable by translation assay or 
hybridization to cDNA. 
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2. Materials and methods 
2.1. Muscle cell culture 
Breast muscle cultures were obtained from 12day, 
pathogen-free chick embryos as described by Dym et 
al. [ 171. Cells were plated at a density of 6 X lo6 per 
100 mm plate. Pre-fusion myoblast cultures were 
harvested at 40 h, while post-fusion cultures were 
harvested at 70-75 h, a time at which at least 8% of 
the nuclei were found in myotubes [ 151. The medium 
was changed every 24 h. 
2.2. Isolation of RNA coding for MHC 
Preparation of the cytoplasmic heavy polysome 
and free messenger ribonucleoprotein particle (mRNP) 
fractions in pre- and post-fusion cultures was by the 
technique of Dym et al. [ 171. The polysome and 
mRNP fractions were phenol extracted [ 181 and the 
RNA precipitated with 2.5 vol. of ethanol for at least 
3 days at -30°C. 
RNA coding for MHC was isolated from 1 O-30% 
sucrose gradients of the above precipitates. A typical 
sucrose density gradient and the area collected for 
poly(A) length determinations of the RNA are shown 
in fig.1. RNA fractions were precipitated at -30°C 
with 2.5 vol. of ethanol and 0.1 vol. of 2.4 M ammo- 
nium acetate. 
2.3. Cell-free system and gel electrophoresis 
Separation of poly(A)+ from poly(A)- RNA was 
accomplished by oligo d(T)cellulose chromatography 
(Collaborative Research Inc.) as described by Aviv 
and Leder [ 181. Both the bound, poly(A)+, RNA and 
the unbound, poly(A)-, RNA were analyzed on 
sucrose density gradients and the material sediment- 
ing at 26s was collected. 
Cell-free translation of these RNA fractions was 
performed as previously described [ 191. After incuba- 
tion for 1 h at 35’C, myosin heavy chain was purified 
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from the reaction mixture by two rounds of ionic 
precipitation followed by DEAE-cellulose chroma- 
tography [ 191. Subsequently, the translation products 
were analyzed by SDS-slab gel electrophoresis as 
described [20], followed by autoradiography [19]. 
2.4. Poly(A j length deter~inutio~ 
Digestion of the RNA fractions (fig.l) was per- 
formed essentially according to the procedures 
described by Darnell et al. [8] in the buffer sub- 
sequently used for electrophoresis (0.04 M Tris-HCl, 
pH 7.4,0.02 M sodium acetate, 0.0025 M disodium 
EDTA). After incubation with 2 units of T1 ribonu- 
clease (Calbiochem) and 1 1.18 of bovine pancreatic 
ribonuclease (Worth~gton 5 X crystallized) for 30 
min at 37’C, the reaction mixture was brought to 
0°C and SDS added to a 1% concentration. Electro- 
phoresis was performed as described by Loening [2 I] 
in 7.5 cm, 1.5% polyac~lamide gels for 4.5 h at 5 mA 
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Fig.1. Typical sucrose gradient of RNA from either heavy 
polysome or mRNP fractions of preparative gradients [ 171. 
Horizontal arrow denotes area collected for oligo d(T)-cellu- 
lose chromatography or for poiy(A) tail length analysis. 
per gel. The acrylamide gels were analyzed by slicing 
into 0.5 mm discs, pooling eight adjacent slices 
(4 mm) in each test tube, and extracting overnight 
with 2 X SSC. A portion of the supernatant of 
each tube was hybridized to 25 000 cmp of [3H]- 
polyuridylic acid (New England Nuclear) for 35 min 
at 45”C, brought to O”C, 2 ml of ice-cold 2 X SSC 
added, and digested with 50 pg of pancreatic ribonu- 
clease for 20 min. Undigested polynucleotides were 
precipitated onto glass fiber filters with 5% TCA and 
the filters dried and counted in a toluene-based scin- 
tillation fluid [ 221. 
3. Results 
3.1. Cell-free translation of poly(A)+ and poly(A)- 
RNA 
The 26s poly(A)’ RNA isolated from embryonic 
chick muscle has previously been shown to direct the 
synthesis of a 200 000 dalton protein which has been 
identified as authentic myosin heavy chain (MHC) 
[IS]. In order to determine if there is a correlation 
between presence or absence of a poly(A) tail (as 
defined by oligo d(T)-cellulose chromatography) and 
translation of MHC-mRNA, 26s poly(A)’ and 
poly(A)- RNA from either heavy polysomes or free 
messenger ibonucleoprotein particles (mRNPs) from 
both pre-fusion and post-fusion cultures were trans- 
lated in a reticulocyte cell-free system. As shown in 
table 1, the amount of protein synthesis varies con- 
siderably depending on the state of polyadenylation 
of the RNA added to the cell-free system. The 
mount of protein synthesis directed by 26s poly(A)- 
RNA is very low compared to the synthesis resulting 
from the addition of 26s poly(A)+ RNA. The rela- 
tively large amounts of poly(A)- RNA required to 
cause a signi~cant increase in the inco~oration of 
radioactivity over background suggests that there is 
little translatable RNA in these fractions. It is likely 
that 28s rRNA comprises a considerable proportion 
of the RNA in this fraction. The comparison to 26s 
MHC-mRNA (poly A’) obtained from embryonic 
chick muscle tissue is made because of our experience 
with this mRNA species [ 12 ,14,17] and the difficul- 
ties in the translation of this mRNA obtained from 
tissue culture [23]. 
The extent of MHC synthesis was determined after 
two rounds of ionic precipitation followed by DEAE- 
cellulose chromatography [ 191. We have found this 
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Table 1 
Translation of 26s RNA from heavy polysomes and mRNPs in vitro 
Experiment 
number 
Source of RNA RNA 
added (#g) 
cpm per pg 
RNA added 
1 endogenous only 0 0 
2 prefusion mRNP poly(A)* 2 6320 
3 prefusion polysomal poly(A)* 2.3 1810 
4 postfusion mRNP poly(A)+ 0.9 2374 
5 postfusion polysomal poly(A)+ 0.3 5126 
6 prefusion mRNP poly(A)- 10 241 
I prefusion polysomal poly(A)- 3 364 
8 postfusion mRNP poly(A)- 10 423 
9 postfusion polysomal poly(A)- 3 852 
10 tissue 265 poly(A)+ 1 4013 
Reti~ulo~yte cell-free system as described by Rourke and Heywood [ 191 
necessary, even with RNase-treated reticulocyte 
lysates, due to the occasional appearance of radio- 
activity migrating as large proteins upon acrylamide 
gel analysis. The autoradiographic analysis of the 
electrophoretically separated myosin heavy chain 
(fig.2) indicates that the poly(A)-26S RNA fractions 
direct the synthesis of very little myosin heavy chain. 
The faint bands migrating slightly faster than MHC 
are likely a result of either premature term~ation 
during synthesis of this very long protein or proteo- 
lytic degradation after synthesis. Their appearance 
is variable and is dependent on the preparation of 
reticulocyte lysate used for the messenger translation. 
The small amount of MHC synthesized after the addi- 
tion of poly(A)- 26s RNA to the cell-free system 
(tig.2), reflects the low level of MHC-mRNA in those 
poly(A)’ fractions. 
3.2. PoEy(A) letigfh 
The determinations of poly(A) tail lengths were 
perfo~ed on the total RNA fraction (fig.1) without 
separating poly(A)’ and poly(A)- RNAs by oligo 
d(T)cellulose chromatography. The results are shown 
in fig.3. Poly(A) from pre-fusion mRNPs and post- 
fusion heavy polysomes hows considerable hetero- 
geneity. This heterogeneity isconsistent with that 
reported in similar studies u ing globin mRNA 
[6,24]. Based on comparison with markers run on 
parallel gels [24] the sizes of poly(A) in pre-fusion 
mRNPs range from 20-30 nucleotides to larger than 
150 nucleotides, with a major peak at about 70 
nucleotides. A similar profile isseen in post-fusion 
heavy polysomes, with a similar-sized peak present. 
Fig.2. Autoradiography of gel electrophoresis of [s%]methi- 
oninelbeled MHC purified from reticuiocyte lysate. Well 
numbers correspond to experiment numbers in table 1. MHC, 
position of myosin heavy chain markers; Lane 1, blank; 
Lanes 2-5, poly(A)* fractions; Lanes 6 -9, poly(A)- fractions; 
Lane 10,26S poly(A)+ RNA from tissue. 
179 
Volume 113. number 2 FEBS LETTERS May 1980 
__.I_ 
I 3 5 
MtGRATION DISTANCE (cm) 
Fig.3. Determination of poly(A) tail length by gel electro- 
phoresis (see section 2). Electrophoresis from left to right, 
Arrows denote positions of 5S RNA, 4s RNA, and Bromow 
phenol Blue markers. {Af Frefnsion mRNPs; (B) Prefusion 
heavy poiysomes; {Cc) postfusion mRNPs; (D) postfwion ~CWY 
polysomes. (----),A 260 ofmarkergel(*---•), ~3H]poi~(~~. 
In contrast, pre-fusion heavy polysome RNA and 
post-fusion mRNF-RNA show only short poly(A) 
tails, though long enough to bind to oligo d(T)- 
cehulose under the conditions used in this study (see 
section 2) [26]. It may be significant that the simi- 
larities in the profiles of poly(A) tails of the MHC 
mRNA from myoblasts mRNPs and myotube heavy 
pdysomes are consistent with the transfer of stored 
MHC-mRNA from free cytoplasmic mRNPs to heavy 
polysomes, which occurs concommitant with fusion 
and the si~i~cant rise in MHC synthesis in cultured 
chick embryonic muscle ] 17,271. 
The presense of a poly(A) tail has been used to 
isolate MHC-mRNA in several aboratories (4,7,3 l]. 
The possibility remains, however, that there are two 
populations of MHC-mRNA, as p01y(A)~ and poly(A)‘” 
both able to direct the synthesis of MHC. A number 
of reports in which MHC-mRNA has been isolated 
indicates some differences (table 2). Mondal and 
Sarkar [ 131 originally reported that MHC mRNA 
from embryonic muscle tissue was polyjA)*, and sub- 
sequently determined the length of the poly(A) tail 
to be -170 nucleotides [I I ]. We have similarly con- 
firmed this approxin~ate l ngth, although we have 
observed more heterogeneity in the length of poly(A) 
tail (table 2) (unpublished results). In tissue culture, 
the presence of poly(A)’ MHC mRNA has been 
reported in both heavy polysomes and stored mRNPs 
of embryonic chick muscle [ 171, while Buckingham 
et al, [28] found poly(A)’ 26s message in heavy 
polysames and mRNPs from pre-fusion and post- 
fusion fetal calf muscle cultures. Furthermore, they 
estimated that 9%100% of the presumptive MHC- 
mRNA in free mRNPs was poly(A)‘. 
fn contrast, Przybyla and Strohman ]9] reported 
that MHC-mRNA obtained from myotubes of chick 
muscle cell cultures was poly(A)-. However, by using 
different techniques from their earlier work and by 
examining totd cytoplasmic RNA, Strohman, et al., 
[29] more recently reported that the majority of 
MHC mRNA is poly(A)‘. Finally, Benoff and 
Nadal-Ginard [lo] using the L6E9 rat muscle cell line 
reported that the majority of MHC-mRNA is not 
bound by oligo d(T)-cellulose. 
The studies reported here con~rm that chick mus- 
cfe M~C-mRNA possesses apoIyfA) tail of suffcient 
length to bind to oligo d(T)-cellulose under condi- 
tions which will not bind a poly(A) tract of less than 
20 nucleotides [26]. Furtllermore, we show that the 
pofy(A)+ MHC mRNA is present, although at differ- 
ent levels, in both polysomes and free mRNPs, in pre- 
fusion and post-fusion cultures. While the presence 
of a small amount of 26s poly(A)’ RNA which is not 
MHC-mRNA cannot be ruled out, the data obtained 
by the cell-free synthesis of MHC (fig.2) strongly sug- 
gest that virtually all of the MHC-mRNA possesses a
pdy(A) tail. Recent studies by Dym et al. [Z 71, using 
a long cDNA probe for MHC-mRNA, showed that 
virtually all the MHC mRNA in post-fusion poly- 
somes is poly(A)‘. Taken together these results sug- 
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Table 2 
Reported sizes of the MHC-mRNA poly(A) tails 
MHC mRNA source Poly(A) length 
(nucleotides) 
Ref. 
Embryonic chick breast muscle culture, 
post fusion polysomes 
L6E9 rat myogenic cell line, 
total cytoplasmic (pre-fusion) 
Fetal calf leg muscle culture, 
pre- and post-fusion polysomes 
Embryonic chick leg muscle, 
tissue (14day) polysomes 
Embryonic chick leg muscle, 
tissue (13day) polysomes 
Embryonic chick leg muscle, 
tissue (13day) mRNPs 
Embryonic chick breast muscle culture, 
total cytoplasmic (post-fusion) 
Embryonic chick breast muscle culture, 
pre-fusion mRNPs 
pre-fusion polysomes 
post-fusion mRNPs 
post-fusion polysomes 
<25a 
<25a (90%) 
>25a 
170 
20-90 
60-180 
>25a 
30-,150 
10-30 
10 -30 
30->150 
9 
10 
28 
11 
31 
31 
29 
(this 
report) 
a Poly(A) size estimated by comparison of isolation techniques used by Nude1 et 
al. [25] 
gest that if there is any poly(A)- MHC mRNA during 
early chick muscle myogenesis, it is present in 
extremely small amounts, or it is not translatable, 
even when deproteinized by phenol extraction. The 
reason for the variability of the translation of the 
’26s RNA in terms of cpmfpg of RNA using RNA 
from different cellular components of different stages 
(table 1) is not known. This may be related to 
altered states of the mRNA in different cellular 
compartments during differentiation or to the pres- 
ence of the mRNAs for multiple forms of MHC [31]. 
The lengths of poly(A) tails from both prefusion 
mRNPs and from post-fusion heavy polysomes from 
tissue culture are consistent with the heterogeneity in 
size reported, and confirmed by us (unpublished 
results), for globin mRNA 16,261. The similarities in 
the pattern of poly(A) content between the myoblast 
mRNP-MHC-mRNA and the myotube polysomal ones 
are consistent with their being in a precursor-product 
relationship [27]. The poly(A) tails of the MHC- 
mRNA from tissue cultures appear to be shorter, on 
the whole, than those seen in tissue preparations 
(table 2). However, this would not explain the appar- 
ent lack of poly(A) tails seen in the L6E9 rat muscle 
ceil line [lo]. These particular cells appear to synthe- 
size only a single species of MHC-mRNA, while prep- 
arations from embryonic chick muscle contain the 
RNAs for two or more forms of MHC [ 17,311. A 
further feature of the MHC mRNA from I&E9 cells 
may be that it either possesses avery short poly(A) 
tail or the poly(A) tail is absent. Since the function of 
poly(A) tails is still unknown, it is difficult to specu- 
late about the advantages of its presence or absence 
on MHC-mRNA [7,30]. Nevertheless, it appears as if 
MHC-mRNA isolated from embryonic chick muscle 
is poly A’ and that those mRNAs with the longer 
poly A tails are found in those cellular compartments 
which had been previously shown to contain func- 
tional myosin mRNA [ 171. 
Acknowledgements 
This research was supported by NIH grant no. 
HDO3316-11 and Cancer grant no. CA14733. Dr. 
Haviv Dym was a postdoctoral fellow support by the 
Muscular Dystrophy Association. 
181 
Volume 113, number 2 FEBS LETTERS May 1980 
References 
[l] Brawerman, G. (1974) Annu. Rev. Biochem. 43, 
621-642. 
[2] Greenberg, J. R. and Perry, R. P. (1972) J. Mol. Biol. 
72,91-98. 
[ 31 Milcarek, C., Price, R. and Penman, S. (1974) Cell 3, 
l-10. 
[4] Nemer, M., Dubroff, L. M. and Graham, M. (1975) Cell 
6,171-178. 
[5] Sonenshein, G. E., Geoghegan, T. E. and Brawerman, G. 
(1976) Proc. Natl. Acad. Sci. USA 73, 3088-3092. 
(61 Gorski, J., Morrison, M. R., Merkel, C. G. and Lingrel, 
J. B. (1974) J. Mol. Biol. 86,363-371. 
[7] Brawerman, G. (1976) Prog. Nucl. Acid Res. Mol. Biol. 
17,117-148. 
[8] Darnell, J. E., Philipson, L., Wall. R. and Adesnik, M. 
(1971) Science 174,507-510. 
[9] Przybyla, A. and Strohman, R. C. (1974) Proc. Natl. 
Acad. Sci. USA 71,662-666. 
[lo] Benoff, S. and Nadal-Ginard, B. (1979) Proc. Natl. 
Acad. Sci. USA 76,1853-1857. 
[ 1 l] Mondal, H., Sutton, A., Chen, V. and Sarkar, S. (1974) 
Biochem. Biophys. Res. Commun. 56,988-996. 
[ 121 Morris, G. E., Buzash, E. A., Rourke, A. W., Tepperman, 
K., Thompson, W. C. and Heywood, S. M. (1972) Cold 
Spring Harbor Symp. Quant. Biol. 37,535. 
[ 131 Mondal, H. and Sarkar, S. (1973) Fed. Proc. 32,456. 
[ 141 Heywood, S. M., Kennedy, D. S. and Bester, A. J. 
(1975) FEBS Lett. 53,69-72. 
[ 151 Robbins, J. R. and Heywood, S. M. (1978) Eur. J. 
Biochem. 82,601-608. 
[ 161 PatrinouCeogoulos, M. and John, H. A. (1977) Cell 12, 
491-499. 
[ 171 Dym,H. P., Kennedy, D. S. and Heywood, S. M. (1979) 
Differentiation 12, 145-155. 
[ 181 Aviv, M. and Leder, P. (1972) Proc. Natl. Acad. Sci. 
USA 69,1408-1412. 
[ 191 Rourke, A. W. and Heywood, S. M. (1972) Biochemis- 
try 11,2061-2069. 
[20] Laemmli, U. K. (1970) Nature (London) 227,680-685. 
[21] Loening, U. E. (1967) Biochem. J. 102,251-257. 
(221 Rosbash, M. and Ford, P. J. (1974) J. Mol. Biol. 85. 
87-101. 
[23] Benoff, S. and Nadal-Ginard, B. (1979) Biochemistry 
18,494-500. 
[24] Soreq, H., Nudel, U., Salomon, R., Revel, M. and 
Littauer, U. Z. (1974) J. Mol. Biol. 88,233-245. 
[25] Nakazato, H., Kopp, D. W. and Edmonds, M. (1973) 
J. Biol. Chem. 248,1472-1476. 
[ 261 Nudel, U., Soreq, H., Littauer, U. Z., Marbaix, G., 
Huez, G., LeClereq, M., Hubert, E. and Chantrenne, H. 
(1976) Eur. J. Biochem. 64, 115-121. 
[27] Doetschman, T. C., Dym, H. P. and Heywood, S. M. 
(1980) submitted. 
[28] Buckingham, M. E., Cohen, A. and Gros, F. (1976) J. 
Mol. Biol. 103.611-626. 
[29] Strohman, R. C., Moss, P. S., Micou-Eastwood, J., 
Spector, D., Przybyla, A. and Paterson, B. (1977) Cell 
10,265-273. 
[30] Bard, E., Efron, D., Marcus, A. and Perry, R. P. (1974) 
Cell l,lOl-106. 
[ 31 Havaranis, A. and Heywood, S. M. (1980) in preparation. 
182 
